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MECHANICS OF THE EXPLOSION BULGE TEST*

By

Carl E. Hartbower
Chief, Welding Section
Watertown Arsenal
Watertown 72, Massachusetts

*This paper was written while the author was employed at the
Naval Research Laboratory, Washington, D. C. Theopinions or asser-
tions contained hereinare the private ones of the writer and are not to

be construed as official or reflectingthe views of the Navy Department
or the Naval Service at large.




MECHANICS OF THE BULGE

INTRODUCTION

The need for a semi-works-scale test of weldments featuring sim-
ple geometry and controlled loading led to the adoption of bulge-test
methods. Both tube and bulge tests permit controlled biaxial loading:
tubes require axial tension applied concomitantly with internal hydro-
static pressure and bulges require fluid or gas pressure on edge sup-
ported diaphrams. Althoughthe tube test has the advantage of provid-
ing uniform strain over a relatively extensive test area, massive
equipment ' d elaborate gripping devices are required to avoid end-
bending effects. ! Consequently, tube tests are extremely expensive
and have been limited primarily to fundamental research inthe field of
applied mechanics. Theadvantages of bulge tests, on the other hand,
lie in the simplicity of equipment and experimental techniques. The
principle disadvantage is the relatively small area of pole region which
may be classed as being effectively under uniform strain. Bulges in
sheet metal are produced by hydraulic pressure appliedto a test dia-
phram clamped over a circular or elliptical opening. The extension
of hydraulic bulge testing to full thicknesses of ship plate was accom-
plished by the detonation of anexplosive suspended in air over the test
plate. The explosive is used only as an expedient method for obtaining

the large force necessarytodevelop a bulge in thickplate. The object-
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ive of bulge testing welds in fullthicknesses of ship plate is toprovide
semi-works-scale structural tests incorporating uniformand control-
led loading of weld, HAZ, and parentplate andtothereby determine the
factors controlling weldment performance.

Initial studies of t'lowz and fracture3 in welded bulges have estab-
lished the merits and usefulness of the test method. Study of the distri-
bution of plastic strain in various weld and base-metal combinations
was bade by measuring thedistortion of a 20-line-to~the inch grid ap-
plied to the surface of the testplate by the photogridprocess. Meas-
urements showed thatthe stress and strain state imposedby the loading
conditions are not always accepted by the weld joint, Depending upon
the relative flow strengths of weld and base metal, a system of stress
and strain entirely foreign to the remainder of the structure may be
developed in the weld and near-weld regions. A study of the fracture
characteristics of various weld and base -metal combinations indicated
a wide range of performance which appeared to be determined by the
properties of the deposited weld metal rather than the HAZ, Tests
have been conducted at temperatures ranging from approximately -100°
to +200°F. Resultsindicated that the explosion bulge tests is prim-
arily an evaluation of the crack initiation stage of weldment failure
(cafastrophic failure of welded structures may be consideredto occur
intwo stages -- crack initiation and crackpropagation). Inasmuch as
external mechanical notches are absent and the stress conditions of the

bulge are essentially biaxial, extensive deformation is developed in
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most weldments at ordinary temperatures of services (32°F and above)
prior to the initiation of the fracture. Such data are applicable to the
case of service entailing extensive deformation (explosion, collision,
etc). Data significant to structures whichoperate at elastic loads are
obtained by causing fracture to occur at near-zero levels of deform-
ation. Thisis achievedby lowering the temperature, thus introducing
a resistance toflowsuchasis obtained under conditions of severe tri-
axiality, The requirements of low temperature to initiate failure in
tough welds at low levels of deformation results in extensive fracturing
of the base plate since most structural materials have an inherently low
resistance tocrackpropagation atthe sub-zerotemperaturesnecessary
for crackinitiation. Crackinitiationat a near-zerolevel of strain was
found tooccur at widely different temperatures depending upon the notch
toughness of the test weld. Temperaturethusserves as a basis of eval-
vation--the weld requiring the lowest temperature toinitiate fracture is
deemed most desirable. .

Information obtained from bulge tests of sheet metal4 provided a
guide in establishing the present technique; however, the novel appli-
cation toheavy plate and towelds involving differential straining in the
various components of the weld zone posed newproblems which ‘requiru
ed detailed study of the mechanics of test. As straining progressesin
the hydraulic bulging of sheet metals, the magnitude of the strain at any
given level of deformation varies from zero at the clamped edge to a

maximum at the apex of the bulge. The extentof the pole region over
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whichthe strains are substantially uniform is determined by the thick-

ness-to-diameter (span) ratio and the degree of deformation to which
the bulge is subjected. At a certain critical level of deformation, a

condition of instability developls. When unstable flow occurs, strain-

ing becomes localized, the geometry of the test specimenchanges and

the state of stress in that portion of the specimen undergoing plastic

flow is no longer under control. In the hydraulic bulging of circular
diaphrams, instabilityis identified by an increase indeformation with

no increase in pressure. In the formation of an elliptical bulge the
strain ratio at the crown of the bulge changes continuously, gradually
approaching one. Thus, in the ellipticalbulge the limiting condition is
determined by that stage of deformation at which there is anexcessive

alteration in the strain ratio; i.e., a loss of control over the stress
state. The following reportis concerned with the mechanics of flow in

the bulging of plate, particularly the effect of progressive straining (by
multiple shots) in producing instability and localization of flow.

BULGING BY MEANS OF EXPLOSIVES

The extension of hydraulic bulge testing techniques to full thick-
nesses of ship plate was accomplished by the detonation of an explosive
suspended in air over the testplate Fig. (1). Thetest plate was sup-
ported by a 3" thick armor saddle containing either a circular (r = 6")

or an elliptical (a = 7.5", b = 4, 8) opening (fig. 1a), To develop ap

proximately uniform loading over the entire unsupported area of the

test plrte, the explosive was shapedtothe form of a wafer of the same

-4-




configurationas the opening in the saddle plate (a = 6.5", b = 3. 8" for
elliptical charges and r = 5" for circular charges). The explosive was
fired in air at a distance of 12 to 24 inches from the test plais; the
standoff was regulated and thecharge positioned by the simple exped-
iencyof a pasteboard carton cut to the desired height and marked for
location of the charge on one end. The air blast was deemedto prod-
uce a uniformlydistributedpressure wave normal tothe plate surface.
In that the unsupportedarea of the 20 x 20 inchtest plate was only 28%
of the total area, the highpressureappliedto the supportedportions of
the plate effectively clamped the edges to the saddle (fig. 2).

The explosive is used simply as a means of obtaining the high
forces required to develop bulges in thick plate. The depth of bulge
produced by various combinations of weight and standoff of explosive
are indicated by the empirical relationship of Figure (3). Goodrepro-
ductibility of test conditions are demonstrated. The use of applied
energy (wgt. of explosive, number of shots, etc. ) as the criterion of
performance gives an integrated ''order of merit" whichis difficult to
resolve into engineering parameters; whereas measurements of either
the biaxial strains developedin the surface of the bulge or reduction of
thickness provide data of direct engineering significance. Consider,
for example, the hypothetical case of two yields of the same terminal
ductility but of different flow strength; while both welds will fracture at
the same level of strain, the weld with the higher flow strength requires

greater energy todevelop the fracture strain. By separate observations
5.




of "restraint to flow' and "flow at fracture' it is possible tobreak down
the energy value into two parameters of engineering significance.
Figure 4 illustrates the restraining effect of an E12016 welddeposit
in high-tensile steel - 3 shots (4 lbs, at 15'") were required to produce
the same general level of deformationas 2 shots against an E6010-HTS
weldment, Likewise, a marked difference in resistance to flow is de-
monstrated between different types of structural materials; for ex-
ample, 2 shots against the 6010 weld in mild steel developed almost
twice the deformation producedby 2 shots against E6010inHTS. Thus,
the energy required toproduce similar amounts of bulge (strain) varies
greatly depending on the stiffness of the plate of weldment. Inkeeping
with the principle that the explosive is used only as a means of obtain-
ing the highforces required tobulge thickplate, a fixed wgt. of charge
and standoff are selected for each series of tests according to the re-
quirements of the material being bulged. Inbulging 3/4" thick weld-
ments of mild and high-tensile steel, a standard condition of 4 lbs. of
explosive at 15'" standoff was selected; while in bulging 3/4" thick 618
aluminum plate with a 4 1b, charge, tiu standoff was increased to 36".
In order tominimize the‘ rise in temperature due to adiabatic deform-
ation, an increment loading technique was employed-‘consisting of a
succession of explosions (4 1b. charge at 15 inches standoff) until the
desired strain level obtained or fracture occurred.
STRESS-STRAIN CONDITIONS IN BULGES OF HEAVY PLATE

The distribution of plastic strain in the bulge surface was deter-
-6-




T e e

ot L

mined by measuring the distortionof a 20-line-to-theinch grid applied
to the plate bythe photogridprocess. The measurement was made by
means of a microscope contain’ng a crosshair and mounted ona micro-
meter slide. The micrometer-microscope in turn was mounted on a
platform supported by three adjustable legs (Figure 5). In the case of
elliptical bulges, the strains were measured in the convex surface a-
long lines parallel to the major and minor axes. The component par-
allel tothe minor axis (the direction of major applied stress) wasde-
signated e, and the component perpendicular to the minor axis, e,
A schematic of strain distribution hasbeen used as a means of ready
reference and orientation for the reader. The schematic includes el-
ements scaled torepresent griddistortion. Squares indicate equal ex-
tensions inall directions and rectangles indicate greater strain in one
directionthan the other. Inthe case of the circularbulge, the conven-
tion was adopted of designating the component radial to the pole as e
and the circumferential component at any pointon a radial line as ez.
Measurement of the component of strain thru the thickness (e3) was
made by micrometer caliper readings at regular intervals along the

major and minor axes of the ellipse or along radial lines in the cir-
cular bulge. The natural strain in the thickness direction was com-
puted from the expression log, To/T where To and T are the original
and final thicknesses, respectively.

Since span-to-thickness ratio in bulge testing of sheet metals is

usually held at about 300:1 toassure membrane conditions and inbulg-
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ing thick plate the ratio is only about 20:1, it is to be expected in the
latter case that bending conditions prevail. A comparisonof the strain
states existing in the concave and convex surfaces of thick plate bulges
confirmed the presence of bending. For example, in the early stages
of elliptical bulging, measurement of e, in the concave surface indicat-
ed small compressive strains over the entire pole region. The e,
component, on the other hand, consisted of small tensile strains in the
pole region which were approximately 50% of the corresponding strain
in the convex surface. See fig. (6) fora schematic representation of
the strains in the concave and convex surfaces of circular and ellip-
tical bulges at low levels of deformation.

As the result of bending, the sum of the biaxial surface comp-
onents are not equal to the thickness strain (inthe bulging of diaphrams
constancy of volume in plastic flow requires that e, te,= e3). Figure
(7) shows the relationship betweenthickness strain measured by mi-
crometer caliper and the sum of the surface strains by photogrid. It
is to be noted that at low levels of strainthe sum of the surface sirains
increased much more rapidly than the thickness strain, whereas at
higher levels of deformation their rates became more nearly equal.
Using an arithmatical average of the strains in the concave and convex
surfaces toprovide anominal value of bulge strain at any given section,
(vector at midthickness - assuming alinear distribution of plastic flow)

the sum of the average e) and e, strains may be plotted agpinst the

measured value ofes. A reasonably good equality is indicated (fig. (7).

-8-
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DEVELOPMENT OF INSTABILITY

It has been pointed out that at acertain critical level of deforma-
tion a condition of instability may be expected to develop. When un-
stable flow occurs, straining becomes localized, the geometry of the
test specimen changes, and the stress in that portion of the specimen
undergoing plastic flow is no longer under control. For example, in
the formation of anelliptical bulge, the strain ratioat the crown of the
bulge changes continuously graduallyapproachingone. Thus, the lim-
iting condition inan elliptical bulge is that stage of deformation at which
there is an excessive alteration in the strain ratio; i. e., loss of con-
trol over the stress state. In the case of the circular bulge, the strain
state is constant but ingtability is manifest by localization of flow and
an attending loss of pole area (an important requirement of the weld
bulge-test is that uniform deformation occur over an area sufficiently
great to encompass weld deposit, heat-affected zone, and a portion of
the unaffected parent plate).

Figure (8) illustrates schematically the distributionandprogress-
ion of flow in a circular and elliptical bulge each formed by the same
increment loading procedure {a succession of three 4 1b. shots at 12,
18 and 24 inch standoff). Note that in the case of the elliptical bulge,
the rates ofincrease of e, and e, in th: pole region were not equal, e,
increased more rapidly than e consequently, as straining progressed
the strain state approached balaanced biaxial tension. Localization of
flow in the circular bulge resulted in a severe strain gradient. The

marked difference in the progression of strain between the two
-9-
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geometries of bulge may be seen by noting that the increase in strain
was only 60% inthe elliptical buige as compared to 114% inthe circular
bulge with the same increment loading. Localizationof flow in the el-
liptical bulge was found to be best illustrated by thickness strain €,
The increase in e, from lst to 2nd shot was quite uniform over most
of the bulge area; whereas the iricrease from 2nd to 3rd shot was large-
ly confinedto the pole region - pointing tothe formation of a secondary
bulge (fig. 7). Note also that in the plot of thickness strain versus
depth of bulge (fig. (3) the slope of the curve increased at a gradually
increasing rate up to about 10% reduction-in-thickness after which the
slope increased at a more rapid rate indicating that for a small increase
in depth of bulge, a large reduction in thickness occurred (analogous
to necking in the tensile test).
MODIFICATION OF STRAINSTATE DUE TO THE PRESENCE OF WELDS
The presence of a weld may greatly alter both the distribution and
progression of plastic flow in the bulge. In figure 9 the effects are
schematically illuztrated for the case of an elliptical bulge containing
a weld of flow strength greatly overmatching that of the parent plate.
A compa’rilon between the strain distributions in the weld and at pos-
itions somewhat removed from the weld disclosed that a marked re-
duction of strain (hereinafter called a strain deconcentration) occurr-
ed in the transweld direction at locations in the weld and near-weld
regions. In the initial stage of deformation the 1:2 strain state of the

unwelded bulge was modified to 1:1 by the transweld strain deconcen-

«10-




———

tration. Moreover, as strainingproceeded (from 18! ‘o 2nd to 3rd
shot) the magnitude of the transweld componen’ was essertially un
changed; whereas, the weld-longitudinal component increased ur‘i.on
the 3rd shot the strain was 2:1 - a complete reversai of *he 1:2s8°ra:n
ratio in the unwelded bulge.

Figure (10) illustrates the strainanisotropy of two welds of wide -
ly different flow strengths in circular bulges of HTS. When the flow
strength of the weld exceeded that of the base metal (E12016-HTS) a
transweld strain deconcentration occurred in the weld and near-weld
regions, When the flow strength of the weld was less than tha! of the
base metal(E6010-HTS) a concentration of straindeveloped in the weld
causing premature failure in the weld metal. The relatively low re-
sistance to flow of the E6010 weld in HTS aggrevated the natural tend-
ency for localization of flow in the circular bulge. A comparison of
the distribution and progression of thickness strain in various comb-
inations of weld and base metal flow strengths confirms this observ-
ation. From figure 4, note that for a givVen increment of lcad (each
shot consisting of 4 lbs. of explosive at 15" standoff) the flow strengths
of weld and base metal determined the energy (number of shots; that
could be deliveredto the plate before instabilitydeveloped. As a gen-
eral "rule of thumb" 10% reduction of thickness in the pole region is
the limit of useful strain in the explosion bulge test.

A COMPARISON OF CIRCULAR AND ELLIPTICAL TRANSITIONS

In order toprovide a comparisonbetween the fracture performance
ell-
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of circular and elliptical bulges, weldments were prepared using E6010
and E12016 weld metals and the same mild steel base metal as tested
previously over the circular die (ref. 2). Two elliptical bulge trans-
itions were determined for each weld metal - one with the weld on the
major axis and one with the weld on the minor axis.

In the case of the E6010-MS combination (fig. 11) no difference
was observed betweenthe two orientations of weld inthe elliptical bulge.
The temperature corresponding tothe lower side of the transition range
was the same for cixcular and elliptical bulging. The uppertransition,
however, was approximately 25°F higher using the elliptical die. The
fractures initiated inthe E6010 weld metal and generally propagated in
the transweld direction. Anoccasional weld-longitudinal fracture oc-
curred with the weld on the major axis.

The E12016-MS combination (fig. 12), on the other hand, indicated
a decided difference between the two orientations of weld. With the
weld on the major axis the transition range was broad, extending from
approximately -1100 to -SOOF or higher. Fractures initiated in the
base metalatdistances of §''to 3} "' fromthe centerline weld. With the
weld on the minor axis a narrow transition was indicated at approx-
imately -80°F. Of nine fractures examined, four initiated at weld
metal porosity and five initiated in the HAZ at a distance of approx-
imately 3/4" from the weld centerline., Three of the four weld metal
failures should be discounted in analyzing the effect of bulge geometry

on transitionbecausethey were x-rayrejects (the weldments contain-
-12-




ing heavy porosity were tested at dry ice temperature to see whether
HAZ failures would occur in spite of the porosity). A comparison be-
tween the transitions obtainedby circular and elliptical bulging indi-
cated the upper transition to be higher by the elliptical bulge. The
difference between the circular and elliptical bulge was greatest with
the weld on the major axis {approximately 50°F higher by the ellipti-
cal bulge ); with the weld on the minor axis, the strain state more near-
ly matched that of the circular bulge and the ditference was only 25°F.
Insufficient data are available for comment on the lower transition,
although the indication is that with this orientation of weld there is no
appreciable difference between the circular and elliptical bulge per-
formance.

It appears that no particular advantage is gained by the use of the
elliptical bulge. Anisotropy inherent to weldments results in unbal-
anced stress and strain in the weld and near-weld region of circular
bulges. Thus, an unbalanced load imposed by means of elliptical geo-
metry canaccomplishlittle more than modify the unbalance introduced
by the anisotropy of the weld region. The shift in the upper limit of
the transition range isbelieved to be the result of this modification of
the strain state., The lower limit, on the other hand, which corres-
ponds te fracture at or about the elastic limit, would not be expected

to be influenced by a modification of biaxial load field.
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FIGURE 1
EXPLOSION BULGE TEST EQUIPMENT
illustrates the simplicity of test procedures.
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FIGURE la
DETAILS OF THE DIES
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FIGURE 2

CIRCULAR BULGE IN 3/4-INCH PLATE

three views of a single bulge show the effectiveness of
edge clamping by explqsive action.
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FIGURE 3
DEPTH OF BULGE
various relationships showing the reproducibility of

test results and criteria that may be used in evalua-
ting performance,
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FIGURE 4

STRAIN DISTRIBUTIONS

the effect of weld and base metal flow strength in re-
straining plastic flow are indicated.
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FIGURE 5
MEASUREMENT OF SURFACE STRAIN
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FIGURE 6
RELATIVE STRAINING IN THE CONCAVE AND CON-

VEX SURFACES
in the early stages of bulging the concave surface is in

compression.
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FIGURE 7
DISTRIBUTION OF THICKNESS STRAIN AND ITS

RELATION TO SURFACE STRAIN
in the early stages of bulging, the strain in the convex
surface of the bulge develops much more rapidly than

the thickness strain.
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FIGURE 8

DISTRIBUTION AND PROGRESSION OF SURFACE
STRAIN ON REPEATED LOADING

instability and localization of flow are indicated.

-




%

i

— TR

ONIQVOT G31V3d34 NO NIVHLIS 30VIHNS 40 NOISS3HOOHd ONV NOLLNBIYLSIO

/

PTG A O PP

ious aue [ ] AN

_———— e \
= 1OMS 1S| ifs \
- A
- s \

RTTIR
RUL )
-

ik f"ig“

L

i
Lok
7 k ?"k "

T s o — —

¥l i S A



ot Sl T

FIGURE 9
EFFECT OF WELDING ON THE DISTRIBUTION AND

PROGRESSION OF PLASTIC FLOW

comparing welded and unwelded, note the marked de-
concentration of transweld strain and the equality of
strain in the weld-longitudinal direction; comparing
1st and 3rd shots welded, note the resistance of the
weld metal to flow in the transweld direction.
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FIGURE 10

DISTRIBUTION OF STRAIN IN WELDS OF DIFFERENT
FLOW STRENGTHS

with the flow strength of weld metal greater than that
of the base metal, a strain deconcentration develops in
the transweld direction; with weld flow strength less
than that of the base metal, a strain concentration oc-
curs in the joint.
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FIGURE 1l

TRANSITIONS FROM DUCTILE TO BRITTLE BE-
HAVIOR IN CIRCULAR VERSUS ELLIPTICAL
BULGES -- E6010 WELD METAL IN MILD STEEL
little or no difference is indicated between the two
geometries of bulge at the temperature producing
extreme brittleness (failure at a near-zero level
ot strain),
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FIGURE 12

TRANSITIONS FROM DUCTILE TO BRITTLE BE-
HAVIOR IN CIRCULAR VERSUS ELLIPTICAL
BULGES -- E12016 WELD METAL IN MILD STEEL
note the difference in performance between the two
orientations of weld in the elliptical bulge,




EXPLOSION BULGE TRANSITIONS
FOR MILD STEEL WELOMENTS
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